US009316741B2

a2z United States Patent (10) Patent No.: US 9,316,741 B2
Cheng et al. (45) Date of Patent: Apr. 19, 2016
(54) SYSTEM AND METHOD FOR DETERMINING USPC ittt 342/357.25
GPS RECEIVER POSITION See application file for complete search history.
(71) Applicant: ?]g%l;ven World Trade Ltd., St. Michael (56) References Cited
U.S. PATENT DOCUMENTS
(72) Inventors: Jian Cheng, Shanghai (CN); Zhi Wang,
Shanghai (CN); Mohan Chen, Shanghai 7,623,066 B2 11/2009 Geier et al.
(CN); Zhike Jia, Fremont, CA (US) 7,924,220 Bl 4/2011 Lennen et al.
’ ’ ’ 2006/0055596 AL*  3/2006 Bryant ... GO1S 5/10
. 342/357.64
(73)  Assignee:. MARVELL WORLD TRADE LTD., 2007/0216575 AL*  9/2007 DiESPOSti ...ov..o.. GO1S 19/252
St. Michael (BB) 342/357.64
2007/0241958 Al* 10/2007 Nicholson ............... GO1S 19/20
(*) Notice: Subject to any disclaimer, the term of this 342/357.58
patent is extended or adjusted under 35 2012/0169542 Al* 7/2012 Mathews ............... GO1S 5/021
U.S.C. 154(b) by 470 days. 342/450
* cited by examiner
(21) Appl. No.:
(22) Filed: May 22, 2013 Primary Examiner — Harry Liu
(65) Prior Publication Data 57 ABSTRACT
US 2013/0314277 Al Nov. 28, 2013 Systems and methods for determining a position of a global
L positioning system (GPS) receiver are provided. A first satel-
Related U.S. Application Data lite and a second satellite that have an unobstructed commu-
(60) Provisional application No. 61/651,868, filed on May nication path to the GPS receiver are identified. For each of
25, 2012. the first and second satellites, data received is used to deter-
mine a satellite position and a code phase for a transmitted
(51) Int.Cl satellite signal. A relative code phase is calculated between
GO1S 19/42 (2010.01) the transmitted satellite signals of the first satellite and the
GO1S 19/43 (2010.01) second satellite, where the relative code phase is a difference
(52) US.CL between the determined code phases. The position of the GPS
CPC GO1S 19/43 (2013.01); GO1S 19/42 (2013.01) receiver is determined based on the satellite positions of the
(58) Field of Classification Search first and second satellite and the relative code phase.

CPC .........

GO18S 19/42; GO1S 19/48; GO1S 1/00;

18 Claims, 4 Drawing Sheets

—

FOR SATELLITES THAT HAVE BOTH
AND CODE ER

308
302
DETERMINE RECEIVER TIME 310
ESTIMATION AND RECEIVER
LOCATION ESTIMATION
304 l
DETERMINE VISIBLE
SATELLITES AND REGEIVE
CARRIER DOPPLER, CODE
PHASE {SUB MS PART) AND
C/No READING
306 l
CHECK AVAILABILITY OF
EPHEMERIS FOR SATELLITES
300

Col
MEASUREMENTS:
GALCULATE SATELLITE
POSITION (Xs, Vs, 25}

GCALCULATE ESTIMATED
PRE-POSITION RANGE

CALCULATE DIRECTION
COSBINE

GALCULATE SATELLITE
GLOGK ERROR

GRR ODE PRAS
WITH SATELLITE CLOCK
ERROR

CALCULATE RELATIVE
CODE PHASE

FIND BEST SATELLITE
ACCORDING TO G/No AS
THE BASE REFERENGE

328

WHEN SATELLITE RUMBER IN

328

CONSTRUCT MATRIX H, WHEN
SATELLITE NUMBER NOT LESS)

330

RESOLVE EQUATION: H,x = p,

332

ALCULATE ESTIMATED PRE-
POSITION RANGE AND KEEP
ONLY SUB MS PART

ONSTRUCT VEGTOR b, AND

DO MS ROLLOVER GHEGK.

VECTOR NOT LESS THAN 5

THAN 5

REPEAT FOR SATELLITES

GET FINAL RESOLVED TIME
AND REGEWER LOCATION




U.S. Patent Apr. 19,2016 Sheet 1 of 4 US 9,316,741 B2

108

FIG. 1

118

100

102



US 9,316,741 B2

Sheet 2 of 4

Apr. 19,2016

U.S. Patent

NOLLISOd GNY ZRIL ¥2AIZ03Y
GIATOSIN TYNIL INIRMILIC

A

0Z

CQOMLIW 3YYADS

ASVIT ONISH NOLLYNDE m\ﬁﬁvm.f

A

S80Z

SRYD NO d3CvE
dOOUD LNINIUNBYIN DNONY
FLTIE34VE 1838 L0338

— SOUI SUBIeS —_
sapeiel Buuieiep jeye
uoisod Janenel DoBINSS
Ut JOLID PUR UOHBUISS
BLU JBAIBDSS Ul JOLS BIBINSIED

| 2N

2

T RN

G902

2221674

208

(any | S3UTTIEIVE H04
(O -0 =7
NOLLYNOZA 3ATI0S8

L) 870z

fony
§ SALITILYS HO4 ) 3DNYH
2§04 SNOLLYNDS SNIRE3LIA

A >
REne

foNY 1 S3LTIRLYS
40 SNOILISOd ININY3 LA
OL GIS0 ViIYE JAEDEE

A >

— potisu —

ErAVS
AL HIAEITY
GIAVINILST LV H3AE03Y
30 HOLLISCd 3LVYRILER
4z0e

usiiisod-aid Yiim i J8aesed
paypwnss 1o [ pus | seueEs
Joj 2wl SIRIES NLNILT |

B20C

s hau@
AN

A4

Z Ol

: 7

o e ! 2
T o=y
NOLLYNDE
oMsn [ ony 1 S3LTIZLYE
WOHA GILLUNENYYL
SIVHNOIS NIZMIIE 38YHA
IO ALY ININRNELEC

4 PYOz

ZHLL
SLTEIYS G3UNSYEaR 3HL
NI GZCRTIONT HOHYE IACKS

A

0T
Tanv 1 SaLTIRLYS
40 {AINO 3SYHG 3000)
FWLL FATTRLYS JUNSYIN
N
Gy(iz

—— | pue | 583110195 Wol —
papusues sppubis ussmiag

sueyd SpOT BAIBIDI SUILLIBISD

O] SIUSLUSINSEOUL e wmm.,L

BYs

002



U.S. Patent Apr. 19,2016 Sheet 3 of 4 US 9,316,741 B2

308
302 ~N 4 Y
FOR SATELLITES THAT HAVE BOTH
EFHEMERIS AND CODE PHASE/DOPPLER
DETERMINE RECEIVER TIME 310 MEASUREMENTS:
ESTIMATION AND RECEIVER AN CALCULATE SATELLITE
LOCATION ESTIMATION POSITION (s, Ys, 2s}
304 $12 *
v CALGULATE ESTIMATED
SETERMINE VISIBLE PRE-POSITION RANGE
SATELLITES AND REGEIVE 314 {
CARRIER DOPPLER, CODE CALGULATE DIREGTION
PHASE (SUB MS PART) AND COSINE
C/No READING 316 +
306 CALCULATE SATELLITE
y CLOCK ERROR
) 318
CHECK AVAILABILITY OF
EPHEMERIS FOR SATELLITES CORRECT CODE PHASE
WITH SATELLITE CLOCK
ERROR
320 +
CALCULATE RELATWVE
CODE PHASE
322 +
FIND BEST SATELLITE
ACCORDING TGO C/No AS
/( THE BASE REFERENGE
300 324
N ¥
NCALCULATE ESTIMATED PRE-
POSITION RANGE AND KEEP
ONLY SUS MS PART
326
\ 4
CONSTRUCT VECTOR p, AND
FIG. 3 DO MS ROLLOVER CHECK
s WHEN SATELLITE NUMBER I
VECTOR NOT LESS THAN 5
328
\d
CONSTRUCT MATRIX H, WHEN
SATELLITE NUMBER NOT LESS
THAN §
330
AN
[ RESOLVE EQUATION: Hx = p,
137 REPEAT FOR SATELLITES
\ y

~ GET FINAL RESOLVED TIME
AND RECEIVER LOCATION




U.S. Patent Apr. 19,2016 Sheet 4 of 4 US 9,316,741 B2

400

402

IDENTIFY A FIRST SATELLITE AND A SECOND
SATELLITE THAT HAVE AN UNOBSTRUCTED
COMMUNICATION PATH TO THE GPS RECEIVER

404

FOR EACH OF THE IDENTIFIED FIRST AND SECOND

SATELLITES, RECEIVE DATA USED TO DETERMINE

A SATELLITE POSITION AND A CODE PHASE FOR A
TRANSMITTED SATELLITE SIGNAL

406

CALCULATE A RELATIVE CODE PHASE BETWEEN
THE TRANSMITTED SATELLITE SIGNALS OF THE
FIRST SATELLITE AND THE SECOND SATELLIE

408

\{)ETERMENE THE POSITION OF THE GPS RECEIVER
BASED ON THE SATELLITE POSITIONS AND THE
RELATIVE CODE PHASE




US 9,316,741 B2

1
SYSTEM AND METHOD FOR DETERMINING
GPS RECEIVER POSITION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This disclosure claims priority to U.S. Provisional Patent
Application No. 61/651,868, filed on May 25, 2012, which is
incorporated herein by reference in its entirety.

TECHNICAL FIELD

The technology described in this document relates gener-
ally to a satellite positioning system and more particularly to
determining a position of'a global positioning system receiver
without a fully-resolved satellite time.

BACKGROUND

The global positioning system (GPS) is a satellite-based
navigation system built and operated by the United States
Department of Defense. Civilian codes (C/A codes) in the [.1
frequency band are freely accessible to anyone with a GPS
receiver. GPS generally provides location and time informa-
tion in all weather conditions, anywhere on or near the Earth
where there is an unobstructed communication path to four or
more GPS satellites. To provide the location and time infor-
mation, the GPS system includes twenty-four or more satel-
lites circling the Earth. The satellites are placed in six differ-
ent orbits, such that at any time, a minimum of six and a
maximum of more than eleven satellites are visible to nearly
any GPS receiver on the surface of the Earth. A GPS receiver
determines its position by computing relative times of arrival
of signals transmitted simultaneously from the plurality of
GPS satellites visible to the receiver. The satellites transmit,
as part of their message, both satellite positioning data as well
as data on satellite clock time (i.e., ephemeris data). The
process of searching for and acquiring GPS signals, reading
the ephemeris data for the plurality of GPS satellites, and
computing the location of the receiver can be time consum-
ing, often requiring thirty seconds or more in a cold start
condition.

SUMMARY

The present disclosure is directed to systems and methods
for determining a position of a global positioning system
(GPS) receiver. In a method for determining a position of a
global positioning system (GPS) receiver, a first satellite and
a second satellite that have an unobstructed communication
path to the GPS receiver are identified. For each of the first
and second satellites, data received is used to determine a
satellite position and a code phase for a transmitted satellite
signal. A relative code phase is calculated between the trans-
mitted satellite signals of the first satellite and the second
satellite, where the relative code phase is a difference between
the determined code phases. The position of the GPS receiver
is determined based on the satellite positions of the first and
second satellite and the relative code phase.

In another example, a system for determining a position of
a global positioning system (GPS) receiver includes a proces-
sor and a computer-readable memory encoded with instruc-
tions for commanding the processor to execute steps. The
steps include identifying a first satellite and a second satellite
that have an unobstructed communication path to the GPS
receiver. For each of the identified first and second satellites,
received data is used to determine a satellite position and a
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2

code phase for a transmitted satellite signal. A relative code
phase is calculated between the transmitted satellite signals of
the first satellite and the second satellite, where the relative
code phase is a difference between the determined code
phases. The steps further include determining the position of
the GPS receiver based on the satellite positions of the first
and second satellites and the relative code phase.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1is a block diagram depicting an example system for
determining a position of a global positioning system (GPS)
receiver.

FIG. 2 depicts an equation that is solved to determine a
position of a GPS receiver without performing a bit synchro-
nization and a frame synchronization in the GPS receiver.

FIG. 3 is a flowchart illustrating an example method for
determining a position of a GPS receiver based on valid
ephemeris from satellites visible to the GPS receiver and an
estimation of receiver time and receiver location.

FIG. 4 is a flowchart illustrating an example method for
determining a position of a global positioning system (GPS)
receiver.

DETAILED DESCRIPTION

FIG.1 is a block diagram depicting an example system 100
for determining a position of a global positioning system
(GPS) receiver 118. As shown in FIG. 1, GPS satellites (i.e.,
SVs) 102,104, 106, and 108 broadcast signals 110, 112, 114,
and 116, respectively, that are received by the GPS receiver
118. The GPS receiver 118 is positioned at a location some-
where relatively near the surface of the Earth. The GPS
receiver 118 may be part of a personal navigation device (i.e.,
aPND, for example, from Garmin, TomTom, etc.) or the GPS
receiver 118 may be part of a cell phone or any other device
with GPS functionality.

The signals 110, 112, 114, and 116 are GPS signals well-
known to those having ordinary skill in the art of GPS sys-
tems. Signals from at least four SVs are generally needed
before the receiver 118 can determine its location. In most
systems, to determine the location of the GPS receiver 118,
the GPS receiver 118 enters into a predetermined sequence to
acquire and extract the required data from each of the signals
110, 112, 114, and 116. The steps may include an acquisition
step, a tracking step, a bit synchronization step, a frame
synchronization step, and a navigation step. Specifically, the
bit synchronization step and the frame synchronization step
may be used in resolving a satellite time for each of the
satellites 102, 104, 106, 108. The fully-resolved satellite time
includes a second count and a bit count that are resolved after
the bit synchronization and the frame synchronization are
performed, respectively. The fully-resolved satellite time is
also based on a sub-millisecond part (code phase) for a signal
transmitted by the satellite.

In the system 100 of FIG. 1, however, the location of the
GPS receiver 118 is determined without performing the bit
synchronization and frame synchronization in the GPS
receiver 118. Thus, in the system 100, the location of the GPS
receiver 118 is determined without a fully-resolved satellite
time. As explained in further detail below, the location of the
GPS receiver 118 is determined based on a receiver time
estimation, valid ephemeris for a plurality of satellites that are
visible to the receiver 118, and an estimation of the receiver’s
location.

Specifically, to determine the location ofthe receiver 118 in
the system 100 of FIG. 1, a position of the GPS receiver 118
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is estimated, where the estimated position is associated with
an estimated receiver time. A first satellite and a second
satellite that are visible to the receiver 118 are identified. For
each of the first satellite and the second satellite, data is
received and used to determine a satellite position and a code
phase for a transmitted satellite signal. A relative code phase
between the transmitted satellite signals of the first satellite
and the second satellite is calculated, where the relative code
phase is a difterence between the code phases. A satellite time
for each of the first satellite and the second satellite is deter-
mined via calculations, where the calculations are based on
the estimated position of the GPS receiver 118, the estimated
receiver time, and the satellite positions of the first and second
satellites. The location of the GPS receiver 118 is determined
by solving an equation based on the calculated satellite times
for the first and second satellites and the relative code phase.

Using this method of determining the location of the GPS
receiver 118, the location is determined prior to a bit synchro-
nization and a frame synchronization in the GPS receiver 118.
The method may take advantage of the slow and stable code
phase movement between the first and second satellites,
where the slow and stable code phase movement is a result of
the fact that the satellite signals are synchronized with the
GPS time system and the fact that the code Doppler (caused
by SV and receiver relative movement) is relatively small, as
compared to the carrier Doppler (e.g., less than 5 chips/
second). The relative code phase may be equal to approxi-
mately a few chips per second, depending on the Doppler
difference between the satellites. In accordance with this
method, if a correct tracking code phase is determined, the
change or increment of the relative code phase between two
received satellite signals can be predicted a few seconds away.
Alternatively, a second-level time change can be resolved
based on the change or increment of the relative code phases
at two time points.

FIG. 2 depicts an equation 200 that is solved to determine
a position of a GPS receiver without performing a bit syn-
chronization and a frame synchronization in the GPS
receiver. In describing FIG. 2, the following definitions and
terminology are used:

At: receiver time estimation error;

(A%, Ay, Az): receiver location estimation error;

(%, y, Z): target or true receiver location;

(X, Vo5 Zs,,): accurate position of satellite SVi;

(X s Yo Zo) : receiver location estimation;

f,: nominal code rate, 1.023 e6 chips/second;

L,: nominal L1 carrier frequency, 1575.42 e6 Hz;

1, carrier Doppler of satellite SVi;

t, : target or true receiver time;

1,o: estimated receiver time;

t,, satellite time of SVi at the target or true receiver time,
in units of seconds;

ty0,;: satellite time of SVi at the estimated receiver time, in
units of seconds;

¢, satellite time of SVi at the target or true receiver time, in
units of chips;

Cy,,: satellite time of SVi at the estimated receiver time, in
units of chips;

Ac, ;: relative satellite time between SVj and SVi at the
target or true receiver time, in units of chips;

Acy,,; ;: relative satellite time between SVj and SVi at the
estimated receiver time, in units of chips;

C: speed of light, 2.99792458 8 meters/second;

p,: range between SVi and the GPS receiver;

¢';: measured satellite time of SVi from raw measurement;
and

T, composite error included in the raw measurement.
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4

For normal application scenarios, GPS satellite signal
propagation can be written as:

®

Sai ]
1540

Ci = Coy +Al‘-(f0 +

where c, is a satellite time for satellite SVi at a target or true
receiver time, in units of chips; ¢, is a satellite time for the
satellite SVi at an estimated receiver time, in units of chips;
1, ,is the carrier Doppler of the satellite SVi, in units of Hz; T,
is the nominal code rate, 1.023 e6 chips/second; and At is an
error in the estimated receiver time, in units of seconds. If the
satellite SVi is considered to be a base reference satellite, then
a relative satellite time between a second satellite, SVj, and
the base, reference satellite, SVi, is described by the equation
200 of FIG. 2, reproduced below as Equation (2):

(faj = fai)
1540

@
ACL; = ACoij +Az-

and Ac; (depicted at 204) is equal to ¢;~c,. Ac,; ; and chi.
are relative satellite times at two time points, both in units of
chips. As described in further detail below, the relative satel-
lite time Ac; , may be equivalent to the relative code phase
between satellite signals transmitted by the satellites SVj and
SVi.

Equation (2) describes a relative satellite time propagation
model. From Equation (2), the relative satellite time at the
target or true receiver time Ac; , and the time interval Atcanbe
resolved mutually. Further, because the relative satellite time
increment is on the order of a few chips per second, neither the
integer ms part nor the higher level parts of the satellite time
need to be considered, allowing the time interval At and
location estimation error (Ax, Ay, Az) to be determined with
only a code phase part of the satellite time measurement,
without waiting for a bit synchronization and a frame syn-
chronization to be performed.

As depicted at 202aq, the relative satellite time at the esti-
mated receiver time Ac,, ; is determined by calculating a
satellite time for satellites SVi and SVj at the estimated
receiver time using a pre-position form of satellite time. As
depicted at 204a, the relative satellite time at the target or true
receiver time Ac, , is determined by using raw measurements
to determine the relative code phase between signals trans-
mitted from satellites SVi and SVj. The satellite time deter-
mined using the raw measurements includes various errors
that are accounted for, as described below. As depicted at
2064, the error in the receiver time estimation At and the error
in the estimated receiver position (Ax, Ay, Az) are calculated
after determining the relative satellite times Ac,,; ; and Ac; ,.
The method for determining each of Ac; , (202), Ac; , (204),
and

where Ac, ; , (depicted at 202 of FIG. 2) is equal to ¢, ~c,, ,,

A 540

(206)

in the equation 200 of FIG. 2 are described in greater detail
below.

The relative satellite time at the estimated receiver time,
Acy; ;(202), is determined by calculating a satellite time for
satellites SVi and SVj at the estimated receiver time using a
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pre-position form of satellite time. The pre-position form of
satellite time is calculated according to an equation:

ts0,~Co/fo=t,0~p7/C, 3)

where t, , is the satellite clock time of satellite SVi at the
estimated receiver time, in units of seconds; c,, , is the satellite
time of satellite SVi at the estimated receiver time, in units of
chips; 1, is the nominal code rate of 1.023 e6 chips/second; t,,
is the estimated receiver time, in units of seconds; p, is the
range between satellite SVi and the receiver, in units of
meters; and C is the speed of light, in meters per second. The
satellite clock time can be represented in different forms that
are equivalent:

=, *
The pre-position form of satellite time uses a satellite posi-
tion and a receiver position estimation to calculate the range
between the satellite and the receiver. Using the calculated
range, the satellite time can be predicted with Equation (3).
The pre-position method to determine Ac,,; , is described in
FIG. 2 at steps 2025, 202¢, 202d, and 202e. At 20254, the
location of the receiver is estimated at the estimated receiver
time. The estimated receiver location at the estimated receiver
time is (X, Vo Zo), the estimated receiver time is t,, the error
in the estimated receiver location is (Ax, Ay, Az), the error in
the estimated receiver time is At, the true receiver location is
(X, ¥, z), and the true receiver time is t,, resulting in the
following relationships:

X +AX

Y=yo+Ay
z=zy+Az

1=t otAL

®

The error in the estimated receiver location (Ax, Ay, Az) is
used in the pre-position satellite time derivation and is
resolved together with the error in the estimated receiver
time At as described below.

At 202c¢, data is received to determine the positions of the
satellites SVi and SVj. In FIG. 2, the received data is valid
ephemeris data received from the satellites SVi and SVj.
Using the receiver time estimation t,, and the valid ephemeris
data, the accurate satellite position (X,, Vv, Z,) is calculated at
the estimated receiver time t,,. At 202d, equations for the
ranges (i.e., the distance from the satellite to the receiver) for
satellites SVi and SVj can be determined with the true
receiver location (X, y, z) in Equation (5) according to:

0.V G 2Py, 3z 2

0 (5, =20 AR +(1, Yo~ AV 2. ~2o-Az) ©)

Equation (6) can be transformed into a linear equation
using a Tyler serials expansion method as follows:

o

= (x5 — Xo) A
ri

pi=ri+ X+

=(¥si = Yo) Ay+ —(Zs; — Zo)
Fi Fi

‘Az + O(Ax, Ay, Ag),

where rl.:\/(xs,l.—xo)z(ys,l.—y0)2+(zs,l.—zo)2 is the estimated
range for SVi;
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5

(—(xx,; —x0) —(¥si—Yo) —(Zsi— zo))
¥ ¥ ? ¥

is the direction cosine for SVi; and O(Ax, Ay, Az) is the higher
order infinite small of (Ax, Ay, Az), which is expected to
converge to zero in the final solution of the equations, such
that the term is ignored in the derivation.

At 202e, Equation (3), t, =, /f,=t,,—p,/C, is solved for
satellites SVi and SVj to determine the calculated satellite
times. Equation (7) is substituted into Equation (3) to produce
the calculated pre-position satellite time for satellite SVi:

ci _ ®)

fo

—(Xs,i — X0) Axt =(¥si = Yo) Ay+ —(zsi — 20) -Az)-
Fi Fi Fi

l‘,o—(r; +

al—

The calculated pre-position satellite time for satellite SVj can
similarly be represented as follows:

o _ (©)]
fo
—(x; — —(yg i — (7. — 1
to—(ri+ (%5, j XO)-Ax+ (¥s,j yo)_A N (%5, Zo)_AZ 1
i - o Y . C
4 4 4

From Equations (8) and (9), the relative satellite time at the
estimated receiver time Ac,,; , (as depicted at 202 of F1G. 2) is
determined:

Aco ;= (—(Xs,;—xo) B _(xx,; —xo)]% At (10)
i J
(—(yx,;—yo) _ —(}’s,j—yo]é Ay
r; rj C
—(zsi—20) —(Z; =20\ Jfo N
(- 7]? Aarliorig

The relative satellite time at the target or true receiver time
Ac; (204)is determined using raw measurements of satellite
time to determine the relative code phase between signals
transmitted from satellites SVi and SVj. Because the relative
satellite time increments or changes very slowly, a code phase
portion of the satellite time measurement is used, and other
portions of the satellite time measurement are ignored. Thus,
at 2045, a code phase portion of the satellite time is measured
for satellites SVi and SVj.

At 204c, an error included in the measured satellite time is
removed. The satellite time measurement includes errors,
including a) SV introduced errors (e.g., SV clock bias, group
delay, relativistic effect, SV position extrapolation), b) propa-
gation path introduced errors (e.g., troposphere, ionosphere),
and c) receiver introduced errors (e.g., receiver clock drift).
The most serious of the errors may be the SV clock bias error,
which may be, for example, hundreds of chips between two
satellites, resulting in hundreds of seconds of time interval
error. The SV clock bias can be calculated via ephemeris
parameters and removed from the satellite time measurement.

The pure satellite time at the target or true receiver time c,
based on the raw measurement is as follows:

¢ =CT. ;o

(1n
where c'; is the measured satellite time (code phase only) of
SVi from the raw measurement, in units of chips, and T, , is the
composite error included in the measured satellite time, in
units of seconds.
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At 2044, the relative satellite time at the target or true
receiver time is determined by solving the following equa-
tion:

AC/‘J':AC},i_ATe)/Jfoa (12)

where Ac, =c-c, Ac' ,=c’~c', and At ~T. T, In
Equation (12), the relative satellite time at the target or true
receiver time Ac; , is the relative code phase between signals
transmitted from the satellites SViand SVj, due to the fact that
only the code phase portion of the satellite time measurement
is used in the above method.

The error in the estimated receiver time At included in the
term

(Jaj = Jai)

A0

(206)

and the error in the estimated receiver position (Ax, Ay, Az)
are calculated after determining the relative satellite times
Ac,; ; and Ac; ,. The relative satellite times Ac,; ; and Ac; ,
are determined as described above, resulting in Equations
(10) and (12), respectively. Equations (10) and (12) are sub-
stituted into Equation (2) to produce the following expres-
sion:

(_(xx,i — Xo) (13)

I rj
(—(yx,; —Yo) —(ys,j—yo]ico Ay+

Fi rj
(-(Z;,;—Zo)
¥i rj

Jo o (aj— fai)

Ct T isap AM=Ach-ATeiicfo

),
C

_‘(Zx,j‘ZO)]&_A N
— |

Equation (13) is rewritten as follows:

(_(xx,i —xo (s _XO)]-Ax+ (14

Fi ¥

(—(yx,; —Yo)  —(sj—Yo)

¥ ¥

]-Ay+

(_(Zx,i —20)  —&, - ZO)] ‘Az + Uaj = fd'i)C-At =
ri T Ly

¢ ’
—ACJ-J- - ATE,J’J + (rj -5,

o

where [.,=1575.42 MHz is the nominal GPS L1 RF carrier
frequency and A, , is the relative, composite error included
in the raw measurement, in units of meters.

At 2064, the best satellite among the measurement group
(i.e., the satellites visible to the receiver) is selected as the
base reference satellite. The satellite may be selected as being
the best based on a C/No measurement. If N raw measure-
ments are made, there are (N-1) equations as Equation (14).
At 206¢, the (N-1) equations as Equation (14) are solved
using a Least Square method to resolve the error in the esti-
mated receiver time At and the error in the estimated receiver
location (Ax, Ay, Az) when N=5. At 2064, the final resolved
receiver time and position are determined.

In solving Equation (14) using the Least Square method,
the following equations are used:
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x=(Ax, Ay, Az, AI)T (15)
b= (_(xx,i —xo)’ =(Ysi = yo)’ (2 — Zo), —fai C) (16)
r; I I L
ho —hy 17
ho —hy
H,=| ho—hs
ho — hy-1
(Clf)Acy g—Atey o+ (r1 —10) (18)
(Cl)AC) g —ATp 0+ (12— 10)
Pe = (Cl)AC g —AT3 0+ (r3 —10)
(C/ f)Aciy-1y 0 = ATen-1).0 + (rn-1 —10)
H.x = p, 19

The Least Square solution can be represented as follows:

x~(H,H ) H,p, (20)

In constructing Equation (19), the relative code phase
change (i.e., the p, element) should be within (=512, +512)
and, thus, an ms rollover check may be performed. In per-
forming the ms rollover check, only the sub ms part is needed,
since the relative code phase change plus the pre-position
range uncertainty should be small (e.g., in the range of dozens
of chips). The resolved true receiver time, t,=t,,+At, should
have week rollover check.

In applying the method described above in FIGS. 1 and 2,
the receiver time estimation error At should not be too large.
Rather, the receiver time estimation error should be only a
second level time error (e.g., just a few seconds). If the
receiver time estimation error is too large, the Doppler may
not be taken as a constant, and aspects of the described
method may produce inaccurate results.

FIG. 3 is a flowchart 300 illustrating an example method
for determining a position of a GPS receiver based on valid
ephemeris from satellites visible to the GPS receiver and an
estimation of receiver time and receiver location. At 302, a
receiver time estimation and a receiver location estimation are
determined. At 304, satellites visible to the GPS receiver are
determined, and carrier Doppler, code phase (sub ms part),
and C/No data are received. At 306, the availability of ephem-
eris for the visible SV is determined. At 308, for those SVs
that have both ephemeris and code phase/Doppler measure-
ments, steps 310-322 are performed. At 310, SV position (Xs,
Y, Zs) is calculated. At 312, an estimated pre-position range
is calculated. At 314, a direction cosine is calculated. At 316,
a satellite clock error is calculated. At 318, the code phase
with the satellite clock error is corrected. At 320, the relative
code phase is calculated. At 322, the best satellite is deter-
mined according to the C/No reading and chosen as a base
reference satellite.

At 324, the estimated pre-position range is calculated, and
the sub ms part is kept from the calculated range. At 326,
vector Pe is constructed, and an ms rollover check is per-
formed when the satellite number in the vector is not less than
five. At 328, matrix He is constructed when the satellite
number is not less than five. At 330, the equation H_x=P, is
resolved, and steps 310-328 are repeated for all satellites, as
necessary. At 332, the final resolved receiver time and
receiver location are determined.
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FIG. 4 is a flowchart 400 illustrating an example method
for determining a position of a global positioning system
(GPS) receiver. At 402, a first satellite and a second satellite
that have an unobstructed communication path to the GPS
receiver are identified. At 404, for each of the identified first
and second satellites, data is received to determine a satellite
position and a code phase for a transmitted satellite signal. At
406, a relative code phase between the transmitted satellite
signals of the first satellite and the second satellite is calcu-
lated. The relative code phase is a difference between the
determined code phases. At 408, the position of the GPS
receiver is determined based on the satellite positions of the
first and the second satellites and the relative code phase.

This written description uses examples to disclose the
invention, including the best mode, and also to enable a per-
son skilled in the art to make and use the invention. The
patentable scope of the invention may include other
examples. Additionally, the methods and systems described
herein may be implemented on many different types of pro-
cessing devices by program code comprising program
instructions that are executable by the device processing sub-
system. The software program instructions may include
source code, object code, machine code, or any other stored
data that is operable to cause a processing system to perform
the methods and operations described herein. Other imple-
mentations may also be used, however, such as firmware or
even appropriately designed hardware configured to carry out
the methods and systems described herein.

The systems’ and methods’ data (e.g., associations, map-
pings, data input, data output, intermediate data results, final
data results, etc.) may be stored and implemented in one or
more different types of computer-implemented data stores,
such as different types of storage devices and programming
constructs (e.g., RAM, ROM, Flash memory, flat files, data-
bases, programming data structures, programming variables,
IF-THEN (or similar type) statement constructs, etc.). It is
noted that data structures describe formats for use in organiz-
ing and storing data in databases, programs, memory, or other
computer-readable media for use by a computer program.

The computer components, software modules, functions,
data stores and data structures described herein may be con-
nected directly or indirectly to each other in order to allow the
flow of data needed for their operations. It is also noted that a
module or processor includes but is not limited to a unit of
code that performs a software operation, and can be imple-
mented for example as a subroutine unit of code, or as a
software function unit of code, or as an object (as in an
object-oriented paradigm), or as an applet, or in a computer
script language, or as another type of computer code. The
software components and/or functionality may be located on
a single computer or distributed across multiple computers
depending upon the situation at hand.

It should be understood that as used in the description
herein and throughout the claims that follow, the meaning of
“a,” “an,” and “the” includes plural reference unless the con-
text clearly dictates otherwise. Also, as used in the description
herein and throughout the claims that follow, the meaning of
“in” includes “in” and “on” unless the context clearly dictates
otherwise. Further, as used in the description herein and
throughout the claims that follow, the meaning of “each” does
not require “each and every” unless the context clearly dic-
tates otherwise. Finally, as used in the description herein and
throughout the claims that follow, the meanings of “and” and
“or” include both the conjunctive and disjunctive and may be
used interchangeably unless the context expressly dictates
otherwise; the phrase “exclusive of” may be used to indicate
situations where only the disjunctive meaning may apply.
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It is claimed:
1. A method for determining a position of a global posi-
tioning system (GPS) receiver, the method comprising:

identifying a first satellite and a second satellite that have
an unobstructed communication path to the GPS
receiver, and receiving data used to determine:
a satellite position for each of the first satellite and the

second satellite, and
a code phase for a transmitted satellite signal for each of
the first satellite and the second satellite;

calculating a relative code phase between the transmitted
satellite signals of the first satellite and the second sat-
ellite, the relative code phase being a difference between
the determined code phases;

estimating a position of the GPS receiver, the estimated
position being associated with an estimated receiver
time;

calculating a satellite time for each of the first satellite and
the second satellite, the calculating being based on the
estimated position of the GPS receiver at the estimated
receiver time and the satellite positions of the first sat-
ellite and the second satellite; and

solving an equation based on the calculated satellite times
and the relative code phase to determine a position ofthe
GPS receiver.

2. The method of claim 1, further comprising:

calculating the satellite time for each of the first satellite
and the second satellite, wherein the satellite time is
calculated according to a second equation:

L0 o~ (Pir0)s

where t,, is the satellite time for the first satellite or the
second satellite, t,,, is the estimated receiver time, p, is a range
between the first satellite or the second satellite and the GPS
receiver, and C is the speed of light.
3. The method of claim 1, further comprising:
solving the equation based on the calculated satellite times
and the relative code phase, wherein the equation is

(Ja.j = Jai)
Acj i =Acq; i +Ar- s

where Ac; is the relative code phase, Acy; , is a difference
between the calculated satellite times of the first satellite and
the second satellite, At is an error in the estimated receiver
time, and (f,~f,,) is a difference in a carrier Doppler
between the first satellite and the second satellite.
4. The method of claim 1, further comprising:
solving the equation using a least square method or a
weighted least square method.
5. The method of claim 1, further comprising:
calculating the relative code phase between the transmitted
satellite signals of the first satellite and the second sat-
ellite, wherein the relative code phase corresponds to a
relative satellite time at a target time, wherein the rela-
tive satellite time is equal to a difference in satellite times
for the first and the second satellites at the target time,
and wherein the target time is equal to the estimated
receiver time summed with a time estimation error.
6. The method of claim 1, further comprising:
receiving data used to determine the code phases for the
transmitted satellite signals, wherein the receiving
includes a measurement of the satellite time for each of
the first and the second satellites; and
removing an error from each of the measured satellite
times.
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7. The method of claim 6, further comprising:

removing the error from each of the measured satellite
times, wherein the error is based on a satellite clock
error.

8. The method of claim 1, further comprising:

determining the position of the GPS receiver without deter-
mining a fully-resolved satellite time wherein the posi-
tion is determined without determining second count
and bit count portions of a satellite time measurement.

9. The method of claim 1, further comprising:

determining the position of the GPS receiver without per-
forming a bit synchronization and without performing a
frame synchronization in the GPS receiver.

10. A global positioning system (GPS) receiver, the GPS

receiver comprising:

a processor; and

a computer-readable memory encoded with instructions
for commanding the processor to execute steps includ-
ing:

identifying a first satellite and a second satellite that have
an unobstructed communication path to the GPS
receiver, and receiving data used to determine:
a satellite position for each of the first satellite and the

second satellite, and
a code phase for a transmitted satellite signal for each of
the first satellite and the second satellite;

calculating a relative code phase between the transmitted
satellite signals of the first satellite and the second sat-
ellite, the relative code phase being a difference between
the determined code phases;

estimating a position of the GPS receiver, the estimated
position being associated with an estimated receiver
time;

calculating a satellite time for each of the first satellite and
the second satellite, the calculating being based on the
estimated position of the GPS receiver at the estimated
receiver time and the satellite positions of the first sat-
ellite and the second satellite; and

solving an equation based on the calculated satellite times
and the relative code phase to determine a position of the
GPS receiver.

11. The GPS receiver of claim 10, wherein the steps further

include:

calculating the satellite time for each of the first satellite
and the second satellite, wherein the satellite time is
calculated according to a second equation:

L0, Lo~ (p/C),

where t,, is the satellite time for the first satellite or the
second satellite, t,,, is the estimated receiver time, p, is a range
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between the first satellite or the second satellite and the GPS
receiver, and C is the speed of light.
12. The GPS receiver of claim 10, wherein the equation is

(faj = fai)

ACL; = ACoij +Az- W,

where Ac, , is the relative code phase, Ac, ; , is a difference
between the calculated satellite times of the first satellite and
the second satellite, At is an error in the estimated receiver
time, and (f,~1,,) is a difference in a carrier Doppler
between the first satellite and the second satellite.

13. The GPS receiver of claim 10, wherein the equation is
solved using a least square method or a weighted least square
method.

14. The GPS receiver of claim 10, wherein the steps further
include

calculating the relative code phase between the transmitted

satellite signals of the first satellite and the second sat-
ellite, wherein the relative code phase corresponds to a
relative satellite time at a target time, wherein the rela-
tive satellite time is equal to a difference in satellite times
for the first and the second satellites at the target time,
and wherein the target time is equal to the estimated
receiver time summed with a time estimation error.

15. The GPS receiver of claim 10, wherein the steps further
include

receiving data used to determine the code phases for the

transmitted satellite signals, wherein the receiving
includes a measurement of the satellite time for each of
the first and the second satellites; and

removing an error from each of the measured satellite

times.

16. The GPS receiver of claim 15, wherein the error is
based on a satellite clock error.

17. The GPS receiver of claim 10, wherein the steps further
include:

determining the position of the GPS receiver without deter-

mining a fully-resolved satellite time, wherein the posi-
tion is determined without determining second count
and bit count portions of a satellite time measurement.

18. The GPS receiver of claim 10, wherein the position is
determined without performing a bit synchronization and
without performing a frame synchronization in the GPS
receiver.



